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1,0 INTRODUCTION 


This report describes the work performed in support of 
the "Fourth Sounding Rocket Heat Pipe Experiment" during the 
period March, 1974 through June, 1974. The major emphasis during 
this period was directed toward preparing the Experiment for Inte- 
gration Test. Test support and evaluation was provided during com- 
ponent acceptance tests, and post assembly and pre-integration tests 
at GSFC and at the Launcn Complex at White Sands, New Mexico. A 
substantial part of the test effort was devoted to establishing 
reliable start-up and operational data for the cryogenic axial- 
groove methane heat pine and its reference conhrol pipe. Related 
tests were also performed with an axial-groove nitrogen heat pipe. 
Finally, an analysis was performed to determine the requirements and 
applicability of cryogenic heat pipes to NASA coolers. 

2.0 TECHNICAL DISCUSSION 

The Fourth Sounding Rocket Heat Pipe Experiment consists of 
two piggyback payloads carrying 14 heat pipes and experiments. Also 
included are three control pipes. The Experiment was launched aboard 
a Black Brant Sounding Rocket on October 4, 1974; more than 6-minutes 
of "0-g" flight time were achieved. This report describes work per- 
formed during the March, 1974 through June, 1974 period; at which 
time the payload was being prepared for launch in late May - early 
June. Problems encountered in the field with certain timer and 
command functions forced a launch postponement until October. 



2.1 Experiment Description 

The individual experiments and control pipes are summarized 
in Table 2-1. Two of the control pipes are plain aluminum tubes 
which have a 1.27-cm O. D. and are 91.5-cm. long. The third con- 
trol pipe is a flat plate similar to the flat plate heat pipe, 
but without a wick. Basic heat pipe geometries inc:^ude: ATS - 

axial groove aluminum extrusions (4); arterial pipes with and with- 
out priming foils (7); flat plate heat pipes (1); and flexible heat 
pipes (2). Also included as part of the GFW Experiment is an alum- 
inum vapor chamber and a phase exchange material (PCM) aluminum heat 
sink. The PCM is eicosane which is used to provide temperature 
stability at approximately 37°C. Ammonia, acetone and methanol are 
used in the ambient temperature pipes, and methane is the cryogenic 
working fluid. 

The prime objectives of the Experiment are to demonstrate "o-g" 
start-up and operation, and to establish "o-g" performance character- 
istics including start-up times, heat transport limiLs, and thermal 
conductances. A total of 172 thermistor divider networks is used to 
monitor the temperature data from the individual experiments. Output 
telemetry is 0-5VDC analog. Power is derived from a 30-VDC Ni-Cad battery. 
Programmed timers and command functions are used to establish the in- 
dividual experiment heater power profiles. Selected heaters are also 
controlled by thermostats to avoid excessive temperatures. A breakdown 
of the instrumentation is presented in Table 2-1. 

In addition to the temperature measurements^ movie cameras are 
used to record the performance of the Photographic Pipe and Flat 
Plate Heat Pipe, The Photo Pipe is an axial groove geometry which has 
a transparent section that covers half of the circumference of the ccn- 
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denser section. The objective here is to observe the profiles of 
liquid and possibly gas slugs as they accumulate in the condenser. 

A number of different liquid crystal patterns were applied to the 
heat input side of the Flat Plate. The color response of these 
crystals to temperature is used to establish the transient thermal 
behavior of this heat pipe. 

2.2 Test Support 

During the period March, 1974 through May, 1974, the Exper- 
iment was being prepared for a late May-early June launch. Engineer- 
ing support was provided during the pre-launch preparation to eval- 
uate component and systems tests procedures and test results. The 
major effort was in support of the Cryogenic Experiment, and further 
discussions will be limited to the work related to this system. 

The Cryogenic Experiment consists of an ATS-axial groove ex- 
truded aluminum heat pipe and a reference control pipe. Bolh pipes 
are charged with methane and are attached to a common aluminum heat 
sink. Once mounted within the payload housing (cruciform section), 
the entire experiment is covered with foam insulation. A multi-layer 
aluminized mylar insulation blanket is placed around the outside of 
the foam to guard against radiation from the hot payload cannister 
during flight. In addition to component verification tests conduct- 
ed prior to installation, various tests were performed to establish 
telemetry calibration, transient cooldown and start-up, and normal 
operation. 

2.2.1 Telemetry Calibration 

Thermocouples attached adjacent to the flight thermistors 
were used to establish the temperature calibrations for the individual 
telemetry channels. Liquid nitrogen from a dewar attached to the ex- 



periment heat sink was used to cool the experiment to approximately 
100®K. Once temperatures stabilized near 100°K^ the liquid nit- 
rogen was turned of:^ and the system was allowed to rise in temp- 
erature at a rate consistent with parasitic heat inputs from the 
ambient. Temperatures and output telemetry voltages were recorded 
simultaneously as the system increased in tenperature to 160°K. 

This then established the tenperature versus voltage calibrations 
for the telemetry networks. The calibrations were essentially linear 
for all channels between 100 and 130®K, increasing from approximately 
1.5 to 3.5 v’olts over this -ange. The corresponding sensitivity is 
about 0.06 volts/®C. 

2.2,2 Transient Co)ldown and Start Up 

The Cryogenic Experiment requires that the system be 
cooled to approximately 100 ®C just before launch. Methane has a 
freezing point of 88.7°K and its critical temperature is 191. 1®K. 
Consequently, if the system was cooled much below i00®K, the vapor 
losses associated with transporting the parasitic heat leaks were 
sufficiently large to cause "dry-out" at the upstream end of the 
evaporator. Too much cooling would ultimately result in freezing 
the methane in the condenser section. Large gradients between the 
evaporator and condenser ends would result in long start-up times 
which could have exceeded the 6-minute "o-g" flight cime. Hence, 
overcooling was to be avoided. On the other hand, although less 
significant, if the experiment were inadequately cooled, the temp- 
erature could rise to a level above which "burn-out" would occur when 
subjected to flight power profiles. The 100®K start-up level proved 
workable, and was accomplished by On-Off regulation of the liquid 
nitrogen. 



the 90 - llO^K range. Details of the tests and test results are 
presented in Ref. 2. Basically, because of the relatively low 
static height for nitrogen with this groove geometry ( -d 0.25-cm 
in the 90 - 110°K range) , there was a tendency for puddling to 
occur even at very slight elevations. This puddling tended to 
obscure the performance and did not permit reliable extrapolation 
to "o-g" transport limits. The results point up the need for 
grooves which provide greater static heights (i.e. smaller ef] ,v,t- 
ive pumping radius) if this geometry is to be used in applications 
below 100°K. 

2.4 Application of Heat Pipes to NASA Cryogenic Coolers. 

An analysis was performed and available test data reviewed 
to determine the applicability of "state-of-the-art" cryogenic heat 
pipes to NASA radiant coolers, which operate in the 80 - 100°K range. 
The results of this study are published in Ref. 3, which is provided 
as Attachment A. 

In general heat pipes offer a number of practical advantages 
in cryogenic radiant cooler systems. However, the parasitic heat loads 
to the heat pipes require cooler sizes larger than presently used by 
NASA in the 80 - 100°K temperature range. An optimum heat pipe/radiant 
cooler will utilize heat pipes that are as small as practical consist- 
ent with satisfying transport requirements. The "1-g" test requirements 
will generally dictate the heat pipe's design. Projected transport re- 
quirements for heat pipes in cryogenic NASA coolers are approximately 
i w~m. This requirement along v/ith the need to obtain meaningful "1-g" 
test results leads to composite wick designs. Axial grooves micht also 
be used but they would have to be designed to provicb 2-3 times more 
pumping in order to avoid "1-g" puddling and obtain good test results in 



2.2.3 Normal Operation 

Tests were also conducted to establish the operation 
of the system with flight heat loads applied. These tests were con- 
ducted with the system in a vertical reflux mode and horizontal. 

The horizontal tests give close simulation of "o-g" behavior, where- 
as the vertical tests were performed to establish baseline data for 
the vertical test conducted prior to launch when the rocket and pay- 
load were in the tower. The Cryogenic Experiment is oriented in the 
reflux mode in the payload to avoid excessive dry out which as men- 
tioned before would inhibit start up. 

Both pipes have approximately 65-watts applied for the 
first 60 seconds in ”o-g". This heat load along with the parasitic 
heat input is sufficient to evaporate all of the fluid inventory in 
60 seconds, and will cause a partial dryout of the pipe. It is 
applied to permit a demonstration of "o-g" cryogenic stait-up. After 
the first 60 seconds a nominal heat load of 14 watts is applied to 
each pipe. 

A detailed discussion of the perf rmance of this ex- 
periment is presented in Ref. 3. 

2.5 Nitrogen Axial Groove Heat Pipe Tests 

Ground tests were conducted with an ATS-axial groove ''xtrusion 
charged with nitrogen to further characterize the behavior of this 
geometry with cryogenic fluids. The tests were conducted in a vacuum 
chamber at the GSFC Thermal Laboratory. The tests consisted of ob- 
taining maximum heat transport versus elevation data for operation in 

1. H^irwell, W., ct al. "Cryogenic Heat Pipe Experiment: Flight 

Performance on a Sounding Rocket," AIAA Paper No . 75-729 , May , 1975. 



the 80 - 100®K range. 


Nitrogen and oxygen are the best fluids for operation 
over these tenperatures . An analysis was performed to determine 
their performance with an optimized composite slab geometry. The 
composite slab was selected over an arterial design because it 
can provide more reliable priming. Results of the analysi in- 
dicate that a 1.27--cm O.D. pipe will be required to meet the 
3 w-m transport with nitrogen. Although approximately 8 w-m can 
be obtained with this pipe at 80®K, its performance becomes mar- 
ginal at 95 °K. Oxygen on the other hand can provide an optimized 
performance of 30 w-m at 80°K which decreases to 19 w-m at 100°K 
with a 1.27-cm pipe. Even with oxygen, however, the 3 w-m require- 
ment can only be satisfied over the temperature range with pipe 
diameters of 1.0- cm or larger. 


2. Dennis Hewitt, Master's Thesis, University of Maryland, 
May, 1974. 


3. Sherman, A. an»i Brennan, P. , "Cryogenic and Low Temperature 
Heat Pipe/Cooler Studies for Spacecraft Application." AIAA 
Paper No. 74-753, July, 1974. 
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Abs tract 

Several importarl ronclunio'ns can '.e drawn from an 
analysis of an 80 - 100“K radiant cooler/hoat pipe system 
for NASA spacecraft appRcations. Within reasonable 
temperature excursions, nitrogen heat pipe fluid prop- 
erty variations have little c'fcct on system performanro. 
lliis allow’s the system to operate over a range of cooling 
loads with the cooler temperature controlled by a heater. 
TIio system size and weiglit are strongly dependent upon 
heat pipe length and diameter because of the parasitic 
load tdfect. Present day NASA coolers could not accom- 
modate a practical heat pipe because of this effect, and 
larger heat pipe cooler systems would be required in the 
80 - 100°K t'ange. An optimized heat pipe for this system 
Is one whose diameter is as small as pir *ical, but con- 
slbtcni w'th the transport and primin-.; r-fy.i •ments im- 
posed by ground testing and the zero- iiv ation. The 
composite slab wick configuration app». .i s ic offer a reli-. 
able, "state-of-the-art" heal pipe with ado<iuale capacity 
to mee t both present day and projected NAS.^ radiant 
cooler applications. Heat pipe diameters on the order of 
1. 0 cm Iravc theoretical transport capabilities greater 
than L 5 w-m in the 80 - 100°K tempciaituic range with 
conventional composite slab wicks and nitrogen o oxygen 
working fluids. An analysis of a solid cryogen/l. pipe/ 
radiant cooler system indicates that, for special applica- 
tions, this system pz-ovidcs a weight savings when com- 
pared to a two stage aolid cryogenic cooler. 

Nomenclatu re 

Aj Effective heat transfer area of secomlai’y t ryo- 

gen shxxiud 


e,i Effective cml.sstvity of multi-layer insulation 

around a heal pipe 

Eq Gravitational constant 

h Heat pipe elevation 

Static elevation head 

hj Heat of sublimation of primary solid cryogen 

!i* Heat of sublimation of secondary solid cryogen 

k Heat pipe permeability 

K, Radiation heat transfer coefficient from the first 
stage of tize cooler to the patch 

K, Conduction heat transfer coefQcient from tlie 

first stage to the paten for a radiant cooler 

Kj Thermal conductance of cooler jintch mount 

kJ K, for a refez’cncu-polnt cooler 

Kj Kj for a reference-point cooler 

K(lp ) Heat pipe effective coziductance 

K'(Tp) d|K(Tp)l/dTp 

8 Length of cylindzrical primary cryogen 

[.^ Heat pipe condenser length 


^HT 


H.* 


'KP 


Radiant cooler patch area 


Radiant cooler patch size for rcfcz'eiice-point 
cooler 

Heat pipe parasitic load heat transfer ai'ca 

= al^ipljip 

Vapor flow area 

Wick cross-sectional area 

Hydraulic diameter of vapor flow 


/IP 

M* 

N, 


Heat pipe evaporator Icngtli 

Heat pipe length 

Heat pipe trunspoz t length 

Mass of secondary solid cryogen 

Liquid transport factor 

Heat pipe liquid kinematic viscosity 

Heat pipe vapor kinematic viscosity 


Heat pipe diameter 


Albedo heat input 


Radiator patch emissivity 


Effective ^{{jilsslvtty of muUl- layer initiation of 
solid 




^toNu Conduction load 'rom first stage of radiant 
cooler to the patch 

Op Earth heat iizput 


1 



Qt 

Oop 

^RAU 


Heat pipe par&Bilic load 

Cooling load (o. g, detector heat dtssipation) 


Optical port load 
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Figure la. Cryo-Diodo Application 

Itadiatlon load from first stage of radiant coolor 
to Uio patch 


(QL^f) Heat pipe ti'ansport capnhiUty 

(QL)^(i;Op Heat pipe ti'ansport requirement 

Qjj Solar heat input 

ip ‘ EffecUvo pumping radius 

r Iladlus of cylindrical primary cryogen 

pj Liquid density 

p, Primary cryogen density 

0 Boltzmann's Constant 

Oj Liquid surface tension 

Yf: Ambient temperature (294*K) 

T,i,. Average tomporaturo of heat pipe 

T| Cooling load (c, g. detector) temperaturo 

Ty Mission time • 

T| Temperature of solid cryogen cooler inner shell 
temperoturo 

'I',. Radiant cooler patch temperature 
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Figure lb. Hybrid Coolers Employing Heat Pipes 


A roview of tlie literature shows an increasing 
amount of woiic on low temperature heat pipes. 

Brciuian ot al. ot tained 77*K duUi for nitrogen heat 
pipes with axial grooved and arterial wick configurations, 
while Wright O-i ot al. repoi't on the' development of a tow 
temperature heal pipe/radiator and heat pipe transport 
system for detector cooling. TIic axial groove wick geom- 
etry Is employed in die latter reference, wliile Freon-14 
is used in the i*adialor pipes <130°K), and moUinnc Is 
employed in die transporlors (130 - 150“K), Murray 
shows tost data for 2-wiitt mediane heal pipes at 110“K 
wliieh employ a wire clodi wick. Extensive performance 
data foi- (Ui extruded axial groove geometry cliarged with 
oxy({Cn, methane and etliane and operated in die lOo - 
200'K range is presented in Reference 4. 


’i'„ Radiant coolor ilrst stage temperature 

T, Primary solid cryogen temperature 

I ntroduction 

Potential applications for cryogenic or low tempera- 
ture heat pipes aboard spacecraft include 

1) the coupling of one or several detectors to indi- 
vidual or multiple passive and/or active coolers, ' 

2) isodicrraallzadon of radiant coolersV^ 

3) ciyo-diodo applicadons (c. g. Figure la), 

4) coupling of optical packages to coolers, and 

5) hybrid cooler systems (c. g. Figure lb). 

Cryogenic heat pipes might also find application iiifer- 
faco components between radiators and large im..dplu 
detector arrays, or to provide for detachable dclecturs 
and/or radiators for shuttle resupply. 


TIte prime purpose of the present work is to examine 
cryogenic heat plpc/coolor feasibility in the 80 - 100“K 
temperature rouge and in the regimes of operation re- 
quii'cd for NASA spacecraft. Prosent requirements within 
these regimes arc 

1) cooling load of less Hum 1-2 watts per cooler, 

2) small detectorAcat pipe interface area, 

3) high systems rclian^Iity and long lifetime oper~ 
atlons. 

Tlic cooling capacity of practical radiant coolcr-j is 
very low in this temperature range, and very temperature 
sensitive. Detector performance is also strongly dcpoml- 
etit on tcmperatui'cs in this regime. It is, therefore, 
Important to understand the inteipiny pf the heat pipe and 
Its effects on overall system performance. As will bo 
developed, tlic heat pipes' size and thermal conductance 
directly impact Uic cooler design. Finally, a change in 
heat load could alter the radiant cooler temperature and 
thereby cliongc tlic heat pipes* operating charactorlsties. 
Since cancUdate cryogenic fluids for tlio range of interest 
CNportencc changes in Uieir properties for relatively 
small temperature cliongcs, it is imperattye that these 
heat pipe characteristics be known and predictable. 
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As tlic sys(i*nis ^rt of this study developed it became 01), a small diameter heat pipe (c.g. 3 mm) Mould ' ^ 
clior that an evaluation of past and potential cr)'ogenic Q rc<|uirc a larger cooler tlun is presently being employed, 
heat pl|>o t:iH*s v^s loqulrcd. Tliis was done by analysis, ^ ^ 9 

dat^ review, and some new* testing. Kinphasis on tliis -- ;90pr^^ 1 

evaluation Mas put on nltiogm heat pijHs, altlu>ugh oxygen 

pipes were eonsidered. ilopefully, the results of this : 

evaluation, together witli the systems studies. Mill point ^00 ~ 

tile Miiy towards the type's of heat pipes which arc pracU-^ggi^H 
(or these temperature range applications. Hi 


Unally, in an cfiort to identify possible new low 
tcmperalure heat pipe/cooler systems, a brief analysis 
is presented to indicate the feasibility of a hybrid solli^ 
cryogen/|iasslve c-oolor system which employs a low tern' 
peratM re heat pipe. 


Itadiant Cooler/lleat Pl| 


C^neral CoiiBguration 


Pigi >x 2 shows a general schematic of a low tem- 
po ralare or cryogenic heat pipc/>udiant cooler system, 
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Tlic effect of heat pipe size and para-sitic load on 

Figure 2. SchoinaUc of Radiant Cooler/lleat 1 r.,. .system required patch area is esUmated in the following analysis 

for a cooler Mithout a cone. An energy balance for the 
T'jpically the cooler is constnic^ed in two s'jgcs. The patch, jgledting earth, albctlo, and solar input yields 
first stage consists of a cone mIUi a highly rcfl 'cUve • . 

Inner surface and a radiator which cools die coi e to 

170*K. Tiic purpose of tin L ine Is to shield the I atch ®‘p^ ' ^or ^conu ^rad "*■ ^iip 

ftwn the spacecraft and cariii, or to reflect shallow-angle 

sun input out of tlie cooler before it reaches the patch. where 

TYirthcr isolation from the spacecraft is obtained by 

moimting the patch to the first .stage witli low conductive Our ~ ^^IP^lP^ 

supports. If shielding from the spaceci'aft is not requin-d, 
and there is no sun input to tlic cooler, the secona stage 
cone can be eliminated and a deployable door attached to 

the mouth of the first stage can bt? used to block the patch Cl. = K (T* - T* ) (3) 

’IcM- of tlic earth. i m p 


Figure 3. Parasitic Load vs. e,, D|„.L| 


For coolers presently in operation the components 
requiring cooling (c.g. detector) arc mounted directly to 
tlic patch. Tlic uildition of a cryogenic heat pipe into tlic 
system, while allowing groater flexibility In sp.!. i craft 
and insti-unu nt design, introduces ncM- problems and 
limibitions wliirh must bo ccn.sidcrcd. 


Now, tailing present day NASA coolers as a reference 
point we assume that 


lYiraslUc loads 


Kj«^k;ia^/a;) 
Combining equations (1) through (6) 


A mi ve of the paiasiUc load impressed upon a cry- 
ogenic heal pipe aboard an .imblcnl temperature space- 
craft is shown In TTgure 3. ITic approximate heal rejec- 
tion e.ipacUy of the patch of present-day NASA radiant 
coolers is also sIiomii in this frg’irc. It is clear that even 
for goiKl values of multi-layer effective emlsalvity 



A plot of equation (7) is sliuv;n in Figure 4. 'Hu* ref- 
erence-point constints were Uikon at their values for a 
typical present <±iy NASA cooler. Also, the figure shows 
two cases (dotleii lines) which npresent the extreme 
values for 7 which arc of intercsl here, ^ 

Figure 4 can be used to estimate the radiant co'jlcr 
patch area required for a heat pipe/cooler system with a 
given optical and detector load. For example, for a pres- 
ent day cooler with Oxed load of about 20 mw the curves 
show that p. 50 cin^ patch Is required. If a 1 meter long, 

6. 3 mm* O. D. heat pipe with e„ •• . 01 is Included in the 
system the patch area increases to 240 cm^. 

ii: 


^ An energy balance for a cooler patch (without a 
cone) >icliJs : 


^op ^ *11 I 

♦ 0.1 -Jp > ^ ♦ 0i ♦ 6s - 



(8) 


Assuming T,, ,. Q*, g. Q^-, Qo^, Qj to be consUnt, taking 
Uic differential, and rearranging 



Differentiating (11) yields; 



4u<||A||yTp ♦ 4K|Tp ♦ Kj ♦ 4oA_t.T; 


■i>i 

(9) 


I *P ■'2 ’“"p'p'P 

Now, for the heat pipe in the coolcr/heat pipe system 


6u ^ We „ oA„ , iTt- - t; ) = K (Tp ) (T, - T, ) 
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Figure 4. Tladiant Cooler Patch Area vs. Tj, D„p «1.p 

Figures 3 and 4 illustrate that because ol the Inher- 
ent parasitic loads, a cryogenic heat pipe/radiative 
cooler combination must be considered as a system, 
rather than as an addition of a cryogenic heat pipe to an 
existing radiator. Also, larger radiant coolers Ihan arc 
presently being developed are required to acenminodalc 
both the heat pipe and the larger cooling loads of future 
applirations. Finally, it should be noted Dial as the cooler 
temperuture level increases, the effect o'ihe heat pipe 
on system pc»dormancc becomes less significant liecause 
its parasitic losses decrease whereas the cooler capac- 
ity increases. 

Cooler Sensitivity ’ 

The thermal conduct! vi ties of cryogenic fluids gen- 
erally decrease with temperature. Therefore, a highcr- 
than-expected cooling load would result in nn <ncrease in 
load temperature due to both a higher fteal ptp<! tempera- 
ture drop and an increase In radian., cooler temperature. 

It was felt that this inleraetiou warranted some analysis. 


Combining (9) and (12) results in 

.. r ‘“j. 1 . r . 1 (K-(T..» ) 



-*n"A„ T*r 1 r_ , L ^IdQ, (13) 

K(Tp) J ' 4i.,T’ ♦ J 

Flquatinn (13) shows the influence of various factors 
on the cooling lo;id change in temperature. Tlic first term 
in brackets is the increase in due to a higher heat 
transfer in the heat pipe. The first term in the second set 
of brackets repre ^nts tlic increase in T^ duo to an 
Inereasc in Tp, while the K' (Tp ) term takes into account 
Uie property rliauge of the heal pipe fluid. 'Ihc last term 
in the second set of brackets convets for the dt^crcase In 
parasitic load to the heat ploc with a rise in Tp . 

As an example, consider the following conditions 
*p - . 95 

I . - 1C5*K 


100*K ~T, 


II r 


OoM 

Or 


50 mw 


10 mw 


ORIGINAL 
OF POOI^ CtUAUX® 


'Assume 'r,,p~ 


Flartl), albedo, solar input •> 0 
” T. 



where Qori ■ Qop + Ql 


In many of Uics*. applications the cvaponilor and 
condenser lengths Mill be small compared !•< the total 
Icnirth and Uicrcforc a conservative approximation of the 
transport requirement is 


030 cm' from Flpure A 
Working fluid - nitrogen 


Then, from equation (13) 


It is IntercstinR to note that in this ease, because of 
the signiricanee of the parasitic heat load, the transport 
requirement becomes a fiuiclion of L* , versus the Q 
linear dependence commonly experienced when parasitic 
losses arc negligible. 


In this yartIcuLar evantplc dTj^ /dQ| is primarily 
dependent on patch teiiiperahire rise because the para- 
sitic load and fluid thermal conducUvIiy effects are small 
and tend to cancel out. In general, then, for nitrogen 
heat pii>cs, the load temperature is primaiily a fimrtioii 
of patch temperature and the system cai readily be con- 
trolled by a heater on the patch. 


'fhe transport rociuircmcnt Is presented in Figure 5 
versus heat pipe length with Qqpt (« D)|,|, as param- 
eters. If a 2-M long X 1. 27-cm O. D. he"* pipe were 
employed in present NAS<\ applications (Q s 25 mw) 
It M'ould have to accommodate a transport requirement 
of approximately 0. 55 v.-m. The transport requirement 
for the same pipe witli a orojected dra„cf jr load of 0. 5 w 
'vould increase to 1. 5 \v-m. 


From a systems viewpoint, equation (l^t, as well as 
the integrated heat balance equations (8) and ill), are 
useful in predicting first approximation" to heat pipe/ 
cooler performance and thermal design trade-off 
considerations. 


Qop, =0.50 W 
PROJECTED 
DETECTOR LOADS 


Heat l*ipc Hequlrcmcnts 


It is obvious from the previous system's analysis lhat 
a heal pipc/radiator coidor will be optimized by using as 
small a diameter heat pipe as possible. In these applica- 
tions, heat pipe ciiameters should be minimized within 
practical fabrication limits and the. following design 
criteria: 


Oopt=0025W 

PRESENT DAY 
DETECTOR LOADS 


1) Satisfy tlicrmal conductance (AT) requirements 


2) Satisfy "0-g" transport rc<iuIremonts 


HEAT PIP*' LENGTH (M) 


3) Permit meaningful "1-g" testing 


Figure 5. Transport Requirements for a 
Heat Pipe/lLidiant Cooler System 


The heat loads and consequently Uic lcmpcr;.l irc 
drops experienced in these applications are minim tl. 

For those instances where the heat flux may be too high 
the diameter of the heat pipe can be enlarged in the evap- 
orator and/or condenser section to accommodate the A T 
requirement. 


These transp.irt requirements are relatively low 
even for cryogenic fluids. The 1. 27-cm O. I), axial 
groove and arU nal heat pipes tested in Reference (2) 
both have measured transport capabilities with nitrogen 
at 80*K in excess of 15w-m. The cu])acit>’ with oxygen 
The last two criteria relate to tlic transport capa- could be almost twice as higli. Althougl\ these pipes have 

bilily of the heat pipe. In this regard, l)ccause t f the high transport capability, they do have inherent problems, 

rather small heat loads, such limits as sonic vapor. Present day arterial pipe: .still have not demonstrated 

constraininent, etc. , do not apply and Uie transport cap- reliable start-up. The e.xisting a.xial groove geometrv' 

ability of the heat pipe is determined by the conventional has very low static heights with ojygcn and nitrogin, and 
capillary pumping limiL. puddling effects fjbscure the *T-g" test dati. Homog- 

eneous and composite slab wicks have proven rclia- 

In order to establish whether a particular heat pipe's blllty and are potential alternatives to the ailcry and a.xial 
transpt)i1 capability is adequate, one must first determine groove provided that they have adequate transport 
the transport requiremcnt.s associated with the applica- capability, 
tion. For the simple case of a single evaporator and 

condenser at opposite ends of the p'pc v>!*h a parasitic As rcgaixis the choice of working fluids, in addition 

load applied over the length of the pipe to nitrogen and oxygen other candidates for the 80 - 100*K 

range arc fluorine, carbon monoxide, argon and methane. 

>Riqu “<0i)Pr * 0||p However, fluorine and carbon monoxide pre.seni serious 

safety pix)i}1ems, argon has too narrow an operating tem- 
+ (Oq-t ♦ Oiif ) CAL ) (15) peraturc range .nnd methane's freezing point is 88. T*K. 
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Motlmiu; also oqicilcncos hiich vapor losses and start-up 
pi-oblcms up to approxiinalHy lOO'K, As a result, nitro- 
gen and oxygen represent the best choice and are the only 
fluitls coiisltleml in tlie subse<|ueiil analysis. 


Fora O.G3!*-cni O. D.oxyger pipe a CO mesh screen sire is 
miuired. Finer mesh sizes are needed to neeommodatc 
larger diameters and/or nitrogen. A calculation of the 
mnsport capability basetl on this first constraint Indl- 
caijs tliat at best a 1. '.17-cm O. U. homogeneous slab adth 
oxygen provides marginal lrans|X>rt (i, c. 3. 0 w-m) over 
U»e tempemturc range. Nitrogen wdtli its lower transport 
factor is less than half as good and with a fini r mesh 
scr'.''n, is evea lower. 


Cioss sections of horizontal, homogeneous and com- 
posite slab wick designs an- presenlwt in Figure C. llie 
aiutlysis neglects fillet flow :uid assumes that the sec- 
ondary wick does not affect the trarisport capability of the 
system. With these assumptions, the ti~ans|x>rt crapability 
(Qbrii ) foi'o slab heat pipe witi) unlfonn flow’ areas and 
wick properties is given by 


The poor perforn mee of the homogeneous wick is 
due to the low pcrmeabiilty or more appropriately the^ V^^S 
low ratio of k/rp associatcnl with the fine mesh size 
needed to satisfy the static heiglit requirement. With a 
compr- iitc slab, the outer layer is a fine ntesh screen 
that provides the capillary pumping, whereas the inner 
(»i’c is a moi*e permeable heavier mesh whose pore size 
is dctcmiini ,i by the less stringent self-priming criterion. 

As a I’csul' composites can provide capacities substan- 
tially larger than that afforded by the homogc>niK>us con- 
figurations. figure 7 shows the optimum transport capa- 
biliti'.’S of J. 27 and 1. 0-cm o. i). pipes with oxygen and 
nitrogen over tlie applicable temperaturo range. 


where "perfect wetting" has been assumed and 


and for a horizontal slab gc?onict ’7 


X = UNPUBLISMCD 
DATA FOR A 200 50 MESH 
1^7 O.D COMPOSITE SLAB 


OXYGEN (127 CM O.D) 

V NITROGEN 
'><'(127CMOO) 


SECONDARY 

DISTRIBUTION 

WICK 


FINE MESH 
PERIPHERY 


NITROGEN 
( 1.0 -CM O.D.) 


OXYGEN 
(10 CM O.D.) 


PFOJECTED 
NASAREO V 
PRESENT-DAY 
NASA REQ 


COARSE MESH 
CORE 


TEMPERATURE (*K) 


HOMOGENEOUS 
SLAB WICK 


COMPOSITE 
SLAB WICK 


Figure 7. "1-g" Transport Capability vs. Temperature 


Figure 6. Homogeneous and Composite 
Slab Wick Designs 


The optimization is based on using’ a wick area 
widch maximizes the (ransport capability. The pennea- 
bilit)’ of tlie coarse wick is consistent witJi the mesh size 
rc<|ulrcd to satisfy the self-priming criterion (i. o. »3 
above), and 200-mcsh scn-cp is used for pumping. The 
200-mcsh was selected bec-juse It satisfies tlm .sutic 
height requirement for bcdi fluids over the temperature 
range. It is also approvlnvatelv Uic finest mesh siz.e tf.al 
can be used without tvAing the secondarv wick becoming 
the limiting factor. 


In Older to provide reliable and easily interprcted 
1-g tc. * results, as well as accommodate projected re- 
quircmimts the hori onlal slab geometry shoulil satisfy 
the following criteria: 


1) Static heiglit (II, ) > 1. 0-em ^ D„,./2 


Transport capability '■3. 0 w-m (■< 0. 2-cni heat 
pipe elevation (factor of two design margins) 


The results indicate that oxvgen e.an satisfv Uie pro 
jected tran.s|x>rc rcxjulrenicnl with eitlier diameter heat 
pipe. Hie maximum pi-rformance for the l.C7-eiii O. I). 
oxygon pipe is npproxiniatelv 30 w-m at 80*K, which 
dccroase.-? U> I I w-ni at 1(>0*K. lliglier v.apor losses as 
well as tlic rtxiuecd wick area result In a niaxiimim 
(QI',.ii ) uf fi w-m for the 1. 0-em pipe witJi oxvgen. Hie 
m.xximuni is reaehetl at Or>*K when tlie vaixir lo.sses are 
less (kniiiiiaiit. 


Tlie compo.sile slab should self-prime at olcva 
tions >0. 2-cm r D.,,./'^ 


The first criterion is applied to guarantee that the 
wick will not begin to drain at very shallow elevations 
and result in puiktling effects. This criterion is snlisfii'fl 


Nitrogen has a liquid lr;iiis|)orl faclor wliieh is ahoul 
lialf dial of oxygon's ovor Hw le.openiluro ring**. In aildi 



»■ 


tlun Us wickiiiK hciuht factor ( 7 ) Is lower nn<l it tliereforc 
rei|uirea a finer iiiosh core to satisfy .self-priminj;. Tills 
euinliination rcs'ilts *n Uic lower temperature cupaliiiitv. 
At 80‘K, (QL,|, ) is approximately H w-m and tills 
decreases to less tlian 2 w-m at 100*K ’^tli tiie 1. 27-cin 
0. 1). llii! capacity with the smaller tliametcr is less Ilian 

3 w-m over Uio entire nuine. The reduction in capability 
between Uic two diameters Is less pronounce tl for nitro- 
Ren because It experiences lower vapor losses Uian 
oxygen at these tempci'aturcs. 

A sin^'le.data point obtained vdth a comparable 200- 
'50 mesh composite slab with nltroRcn in a 1. 27-cm O. D. 
heut pipe is indicated in Figure 7. This pipe had the wick 
oriented verUcally and demonslruted a cajiablllty of aliout 

4 w-in in 1-^ tests. Althuu^h this is only lialf of the opU- 
mized prediction, it does indicate the potential of the 
basic composite slab. A larRcr wick area in Uic test pipe 
would liave resulted in higher performance. 

Solid Cryosen/Radiant Cooler System 

Figure 8 shows schematic diaKrams of both a two 
stage solid cryogen and a hybrid system employing a 
cryogenic heat pipe. The two stage cooler consists of a 
primai 7 cryogen (e. g. mcUuine at 90°K) and a seeomlary 
cryogen (e. g. ammonia at ICO^K) which vent to space, 
llie vent is designed such that the cryogen pressures are 
always below their triple points. Tlius, the cooling proc- 
ess is one of sublimlnation of Uie solid cryogens while 
maintaining the load at a constant temperature, llie sec- 
ondary crj’ogea maintains an isoUicrmul sluxud around 
Uie primary cryogen and thus absorbs all external loads 
to the shroud. The primary cryogen Uien absorbs all 
radiative loads from Ihe shroud, Uie detector assembly, 
and the conductive load from the secondary cryogen con- 
tainer to wliich it is mounted. The secondary' cryogen 
must have a higher heat of sublimination than the primary 
in oixicr for it to offer a weight advantage over a single 
stage system.. Nevertheless, the weight of Uio secondary 
cryogen anu u. oembly can be substantial for long dura- 
tion flights. 



Flgi re 8 a. Two Gtage Solid Cryogenic Cooler 


ntor (~1C0*K ), In this system, the low U'liiperalurc htnl 
pipe ami radiator replace the scuidary i ri'ogen. The 
sliixxid maintains its temperature by transferring Us heat 
load througli the heat pipe to Uie r.idintor. 'I'he heat pipe 
could he wrapped aiound Uic shroud as shown in Figure 
8 b, or it cduld interface at a single location. This would 
tlcpend upon the particular system design and the heal 
fluxes. Ill Uiis application, a low tempei-aturc heat pipe 
with possibly cUiane as the working fluid f”^) would be 
used. This type of system offers potentiallv longer life 
and/or higher load capacities wiUiout a proliihitlve weight. 
Tlie following analysis was performed to indicate poten- 
tial weight savings of Uie hybrid system (ximparcd to a 
two stage solid ciyogen cooler. 

DETECTOR 



Figure 8 b. Heat I'ipc/Solid Cryogen System 

First, an c(|uatioii for estimating the weight of the 
secondary solid cryogen on a two stage system will be 
developed. For a cylindrically shaped primary solid ciy- 
ogen of nuiijs, r, and length, •, 


^ r^)_ I : i 


( 22 ) 


Now, assuming 2 r = v, and neglecting all but radiaUve 
heat transfer losses, a heat balance on the primary cry- 
ogeii yields: 




(23) 


-T^I 


Hence, 


A. a birr = 






(24) 


(25) 


Again only considering radiant heat transfer for Uic sec- 
ondary cryogen 


A BO id cryogen/hcat pipe 'radiant cooler system as 
depicted n Figuix; 8 b might be an alternative to the two 
st'ige cocler. A device of this iiatuie could be used 
alioard a spacecraft where the environment precludes the 
use of a low temperature radiant cooler (~ 100 *:C ), but 
would be compatible \rith i modi^atc temperature radi- 


U \l* 

o?.\.ti; - C2G) 

‘u 

Combining (25) and (28) and rearranging 
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j '] ['-(tt)*] p’i 

For the h>’t>ricl system, a heat balance on the solid 
cryonen and radinior yields 

FA,on^ = ( 28 ) 

and 

?A.o(T; -T,)=*0CpA^l^ f29) 

where we are aRain only considering radiant heat transfer 
to the primary cry«'geu, and conduction and heat pipe 
inputs to the radiant cooler. In addition, the tcmirerature 
drop along the heat pipe is neglected, i. c. Tp = T, . 

Combining (25) and (29) 



i:«lu'itions (2?i an<l (50) wen- used to estimate the 
weight of tlie secondary cryogen of a two stage cryogen 
system, and to coin|xirc it to tlie radiator and heat pipe 
weight of tl\(r hybrid system. Tnlile 1 shows the results of 
these compuUitions. Although the analysis presented here 
is but a first cut at evaluating the hybrid c<Kiler system. 

It appt ars from this table that for special applications the 
system offers advantages over a two stage solid cryogenic 
Cfxdvr. 


Table 1 

Comparison of Secondary Solid Cryogen and 
M^iliaiil Coolcr/llcat I’ipe Weights for T, = l«iO“K 


1 .Mission I.ifc 

Scconiln ry 
Cryogi-n Wt. 
(, - . 007) 

Radiant Cooler/ 
Hout IMpc WU 

1 year 

11 Ib.s. 

~ 10 Ib.s. 

, 2 ycrars 

1 

H7 lbs. 

~ 20 ills. 


Conclusion s 

Heat pipes offer a number of practical advantages in 
cryogenic rnrlintd cooler systems. However, the para- 
sitic heat loads to tiu- heat pipes rc(|uirc cooler sizes 
larger tluin presently used liy NASA in the 80 - lOO’K 
temperature ratigc. An optimum lu-at pipe /radiant '•oolcr 
will utilize heat pipi'S Uiat aiv as small as practical con- 
sistent with satisfying transport rcfiuircments. The "1-g" 
test re(iulrcmcnts will generally dictate tlie heat pipe's 
design. l*mject< il transport rwiuircmcnts for heal pipes 
In cryogenic NASA coolers are approximately 3 w-n». 

Hiis requirenumt along witli the need to obtain meaning- 
ful "1-g" test results leads to composite wick designs. 
Axial giooves might also lx- used but they woul.l have to be 
desigiuxl to pro\1de 2-3 times more pumping in order to 
avoid "1-g" puddling and obtain good test results in the 
80 - 100*K range. 

Nitrogen ami oxygen are the best fluids for operation 
over these tciapei'alurcs. An analysis was performed to 
determine their per forma nee \1tli an optimized composite 
slab geometry. Tl>o eomposiii" slab w'as selected over an 
arterial design because it can pro\1dc more reliable 
priming. Results of the analysis indicate that a 1. 27-cm 

0. I). pipe will be rc<iuired to meet the 3 w-m transport 
with nitrogen. Although approximately 8 w-ni can be 
obtained wllli tliis pipe at 8l)"K, its performance becor.es 
marginal at 95*K. Oxyca on the oUu'r hand can provide 
an optimized performance of sn w-n. at bO'K which 
decreases to 19 w-ai at 100*K v.ith a 1. 27-cm pipe. Even 
with oxygen, howc'-cy, tlie 3 w-m requirement can be 
sat' fled over the tempcruuirc I'ange witli pipe diameters 
of 1. 0-cm or lainer. 

An analysis of a solid cryogen/licat pipc/radiant 
cooler system slnws that, for special applications, a 
weight savings can be realized when compared to a two 
stage crvogi nic system. More design analysis is war- 
ranted by Uiis concept. 
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